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e Background and Aims The origin of limes and lemons has been a source of conflicting taxonomic opinions.
Biochemical studies, numerical taxonomy and recent molecular studies suggested that cultivated Citrus species re-
sult from interspecific hybridization between four basic taxa (C. reticulata, C. maxima, C. medica and C. micran-
tha). However, the origin of most lemons and limes remains controversial or unknown. The aim of this study was
to perform extended analyses of the diversity, genetic structure and origin of limes and lemons.

e Methods The study was based on 133 Citrus accessions. It combined maternal phylogeny studies based on mito-
chondrial and chloroplastic markers, and nuclear structure analysis based on the evaluation of ploidy level and the
use of 123 markers, including 73 basic taxa diagnostic single nucleotide polymorphism (SNP) and indel markers.

e Key Results The lime and lemon horticultural group appears to be highly polymorphic, with diploid, triploid and
tetraploid varieties, and to result from many independent reticulation events which defined the sub-groups.
Maternal phylogeny involves four cytoplasmic types out of the six encountered in the Citrus genus. All lime and
lemon accessions were highly heterozygous, with interspecific admixture of two, three and even the four ancestral
taxa genomes. Molecular polymorphism between varieties of the same sub-group was very low.

e Conclusions Citrus medica contributed to all limes and lemons and was the direct male parent for the main sub-
groups in combination with C. micrantha or close papeda species (for C. aurata, C. excelsa, C. macrophylla and C.
aurantifolia — ‘Mexican’ lime types of Tanaka’s taxa), C. reticulata (for C. limonia, C. karna and C. jambhiri varie-
ties of Tanaka’s taxa, including popular citrus rootstocks such as ‘Rangpur’ lime, ‘Volkamer’ and ‘Rough’ lemons),
C. aurantium (for C. limetta and C. limon — yellow lemon types — varieties of Tanaka’s taxa) or the C. maxima x C.
reticulata hybrid (for C. limettioides — ‘Palestine sweet’ lime types — and C. meyeri). Among triploid limes, C. lati-
folia accessions (‘Tahiti’ and ‘Persian’ lime types) result from the fertilization of a haploid ovule of C. limon by a
diploid gamete of C. aurantifolia, while C. aurantifolia triploid accessions (‘Tanepao’ lime types and ‘Madagascar’
lemon) probably result from an interspecific backcross (a diploid ovule of C. aurantifolia fertilized by C. medica).
As limes and lemons were vegetatively propagated (apomixis, horticultural practices) the intra-sub-group pheno-
typic diversity results from asexual variations.
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Citrus fruits and their relatives originated in South-east Asia,

Lemons and limes are cultivated under all Mediterranean,
sub-tropical and inter-tropical climates worldwide. With 15 Mt
produced, limes and lemons represent the third largest citrus
horticultural group (FAO, 2014). Nearly 1-6 Mt of lemons and
limes are traded, ranking them 11th worldwide. Lemons and
limes are sold both as fresh fruit and as processed products.
After expanding up to 2007, the lemon market is currently stag-
nating and is in direct competition with the market for limes,
whose consumption has increased dramatically since the 1980s
(Duportal et al., 2013). Only a few cultivars are cultivated
worldwide for the production of fresh fruit and essential oils or
for use as rootstock, even though significant diversity exists in
this horticultural group.

New Caledonia and Australia (Swingle and Reece, 1967). The
genus Citrus L., which includes limes and lemons, has been
cultivated in tropical and temperate parts of the world for
>2000 years. In the classification of Swingle and Reece (1967)
lemons and limes are classified as two separate species, Citrus
limon (L.) Burm. F. and C. aurantifolia (Christm.) Swing. In
the classification of Tanaka (1954), limes and lemons are clas-
sified as 37 species. These conflicting classifications result
from the total sexual compatibility between Citrus species and
the frequent occurrence of apomixis due to nucellar polyembry-
ony (Scora, 1975; Barrett and Rhodes, 1976), which led many
taxonomists to consider interspecific hybrids fixed by apomixis
or vegetative propagation (cuttings or grafting) as new species.
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Thus, the origin of the lemon has been a source of conflicting
opinions by both historians and taxonomists. Bonavia (1888)
concluded that the lemon reached India relatively late, whereas
Tolkowsky (1938) believed lemons are mentioned in early
Sanskrit texts dated around 800 BC. Webber et al. (1967) sug-
gested Southern China or possibly upper Burma as the native
area of the lemon. Early taxonomists hypothesized that C. limon
was a derivative or hybrid of C. medica L., the citron. Gallesio
(1811) and Tolkowsky (1938) reported that, in the Middle
Ages, the lemon was considered to be a variety of citron, and
de Candolle (1886) considered lemon to be a close relative of
citron. Lemon, lime and citron were included in the species C.
medica by Linnaeus (1753) and other early taxonomists. More
recently, authors including Risso (1813), Swingle (1914, 1943),
Tanaka (1954) and Bhattacharya and Dutta (1956) gave sepa-
rate specific names to citron and lemon. Swingle (1914) named
citron C. medica, lime C. aurantifolia and lemon C. limonia
Osbeck, but in 1943 he reclassified lemon as C. limon. Swingle
also considered it likely that lemon is a relative of citron and
suggested that it originated from hybridization between citron
and lime. Hodgson (1955) grouped citron, lemon and lime to-
gether. Early taxonomic works thus recognized that citrons,
limes and lemons are related, but failed to propose clear defini-
tive conclusions on the origin of the species. Biochemical stud-
ies (Malik er al., 1974; Scora, 1975), numerical taxonomy
(Barrett and Rhodes, 1976) and, more recently, molecular stud-
ies (Federici et al., 1998; Nicolosi et al., 2000; Barkley et al.,
2006; Garcia-Lor et al., 2012, 2013b; Ollitrault et al., 2012;
Curk et al., 2014, 2015b) suggested that all cultivated Citrus
species result from interspecific hybridization between four ba-
sic taxa [mandarin, C. reticulata Blanco; pummelo, C. maxima
(Burm.) Merr.; citron, C. medica L.; and a papeda, C. micran-
tha Wester]. It is now generally accepted that limes and lemons
are related to citron (C. medica L.) (Nicolosi et al., 2000;
Barkley et al., 2006; Bayer et al., 2009), but opinions differ on
the origin of specific varieties. In agreement with Swingle and
Reece (1967), Barrett and Rhodes (1976) and Federici et al.
(1998) argued that the classical ‘Eureka’- or ‘Lisbon’-type yel-
low lemons resulted from direct hybridization between citron
and lime, whereas, more recently, Nicolosi et al. (2000) pro-
posed that the ‘Lisbon’-type yellow lemon was the product of
direct hybridization between sour orange (C. aurantium L.) and
citron. Sour orange is itself presumed to be a hybrid between C.
maxima and C. reticulata (Swingle and Reece, 1967; Scora,
1975, 1988; Green et al., 1986; Yamamoto et al., 1993;
Nicolosi et al., 2000; Wu et al., 2014; Curk et al., 2015b).
‘Mexican’ lime was proposed to be a direct hybrid between cit-
ron and C. micrantha (Scora, 1975; Nicolosi et al., 2000).
These hypotheses concerning ‘Lisbon’-type yellow lemons and
‘Mexican’-type limes were recently confirmed by relatively
large single nucleotide polymorphism (SNP) analysis (Ollitrault
et al., 2012; Garcia-Lor et al., 2013b; Curk et al., 2015b).
However, the origin of the other lemons and limes remains
controversial or is unknown.

The aim of the present work was to perform an extended
analysis of the diversity, genetic structure and origin of lime
and lemon germplasm. It was based on 93 lime and lemon
accessions, 33 representatives of the four basic taxa and seven
accessions of the other secondary species, all available in the
germplasm depositories of the Citrus Biological Resource
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Centre (CRB Citrus, INRA-CIRAD, San Giuliano, France) and
of the IVIA (Valencia, Spain). It combined maternal phylogeny
studies based on mitochondrial indels (Froelicher et al., 2011)
and chloroplastic simple sequence repeats (SSRs) (Bryan et al.,
1999; Weising and Gardner, 1999), and analysis of nuclear ge-
nome diversity. Concerning nuclear genome diversity, Barkley
et al. (2009) showed that homoplasy may limit the usefulness
of SSR markers in identifying the phylogenetic origin of DNA
fragments in citrus, and Garcia Lor er al. (2012), Ollitrault
et al. (2015) and Curk et al. (2015b) showed that insertion/dele-
tion polymorphisms (indels) and SNPs were more useful to se-
lect efficient specific diagnostic markers. However, most
selected markers for specific alleles of the ancestral taxa fail to
identify intraspecific variation (Garcia-Lor et al., 2013b; Curk
et al., 2015b; Ollitrault et al., 2015). Therefore, we combined
eight indels and 96 SNP markers to reveal the interspecific
structure of the different accessions, and 19 SSR markers to ob-
tain information on intraspecific polymorphism. A ploidy anal-
ysis of all accessions by flow cytometry completed our
characterization of the nuclear genome.

MATERIALS AND METHODS
Plant material

Leaves from 133 accessions of the Citrus genus were collected
from the IVIA Citrus Germplasm Bank of pathogen-free plants
(Valencia, Spain; accessions with an IVIA identification num-
ber) and from the Citrus Biological Resource Centre (CRB
Citrus, INRA-CIRAD, NFS96-900) in San Giuliano (Corsica,
France; accessions with an SRA identification number)
(Supplementary Data Table S1). Tanaka (1961) and Swingle
and Reece (1967) botanical classifications are given when the
accessions are already classified. According to Swingle and
Reece’s classification, 24 accessions are representative of C.
aurantifolia (Christm.) Swing, and 54 of C. limon (L.) Burm. In
addition, we included 15 unclassified accessions phenotypically
related to the lemon and lime groups, 33 accessions representa-
tive of the four basic taxa [12 mandarins (nine C. reticulata and
three C. tachibana), 11 pummelos (C. maxima), eight citrons
(C. medica) and two papedas (C. micrantha)], and seven other
secondary species [two sour oranges (C. aurantium), two grape-
fruits (C. paradisi), one clementine (C. clementine) and two
sweet oranges (C. sinensis)].

Evaluation of ploidy level

Ploidy level was determined by flow cytometry. Each sample
consisted of a small piece of leaf (0-5 mm?) collected from each
accession together with a similar piece of leaf taken from a tet-
raploid control plant [doubled-diploid ‘Shamouti’ sweet orange
(Aleza et al., 2011)]. The leaf samples were chopped together
with a razor blade in a nuclei isolation solution (High
Resolution DNA Kit Type P, solution A; Partec, Munster,
Germany). Nuclei were filtered through a 30 um nylon filter
and stained with a 4’,6-diamino-2-phenylindole (DAPI) solu-
tion (High Resolution DNA Kit Type P, solution B; Partec).
After a 5min incubation period, the stained samples were run
in a Ploidy Analyzer (Partec PA) flow cytometer equipped with
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a HBO 100 W high-pressure mercury bulb and both KG1 and
BG38 filter sets. Histograms were analysed using dpac v2.0
software (Partec), which determines peak position, the coeffi-
cient of variation (CV) and the relative ploidy index of the sam-
ples. When only one peak was observed, an additional analysis
was performed with an internal diploid control.

DNA extraction

High molecular weight genomic DNA was extracted from
the leaf samples using the DNeasy Plant Mini Kit (Qiagen S.A.,
Madrid, Spain) according to the manufacturer’s instructions.

SSR and indel marker genotyping

All accessions were genotyped with 19 SSRs (Kijas et al.,
1997; Froelicher et al., 2008; Luro et al., 2008; Cuenca et al.,
2011), eight indel nuclear markers (Garcia-Lor et al., 2012),
five chloroplastic SSRs (Bryan et al., 1999; Weising and
Gardner, 1999) and three mitochondrial indels (Froelicher
et al., 2011) (Supplementary Data Table S2; Fig. S1). PCR am-
plifications were performed using a thermocycler Ep gradient S
(Eppendorf®) in a final volume of 10 uL containing 0-8 U of
Tag DNA polymerase (Fermentas®), 2ng mL™" citrus DNA,
02mM wellRED (Sigma®) dye-labelled forward primer,
0-2 mM non-dye-labelled reverse primer, 0-2 mm of each dNTP,
10x PCR buffer (Fermentas) and 1-5 mm MgCl,. The PCR pro-
tocol was as follows: denaturation at 94 °C for 5 min followed
by 40 repeats of 30s at 94 °C, 1 min at 50 or 55 °C (depending
on the melting temperature of the primers), 45s at 72 °C; and a
final elongation step for 4 min at 72 °C. Capillary electrophore-
sis was carried out using a CEQ™ 8000 Genetic Analysis
System (Beckman Coulter Inc., Fullerton, CA, USA). Data col-
lection and analysis were carried out with GenomeLab GeXP
(Beckman Coulter Inc.) version 10.0 software. Allele dosage
was calculated using the MAC-PR (microsatellite DNA allele
counting-peak ratio) method (Esselink e al., 2004), validated
in citrus by Cuenca et al. (2011).

KASPar genotyping

Ninety-six SNP markers (Ollitrault ez al., 2012; Garcia-Lor
et al., 2013a; Curk et al., 2015b) (Supplementary Data Table
S2) were used for genotyping with KASPar technology
by KBioscience®  (http://www kbioscience.co.uk/).  The
KASPar™ Genotyping System is a competitive, allele-specific
dual Forster resonance energy transfer (FRET)-based assay.
Primers were designed by LGC Genomics®, based on the SNP
locus-flanking sequence. Detailed information on all SNP
markers is given in Table S2 and their distribution over the nine
scaffolds is schematized in Fig. S1. Further details about this
genotyping method can be found in Cuppen (2007). The fluo-
rescence signals of the PCR products were measured with
Fluostar Omega (BMG), and genotype calling was performed
with KlusterCaller software (LGC Genomics). For triploid and
tetraploid limes, the allele dose was estimated from their re-
spective allele signal according to the method described by
Cuenca et al. (2013).
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Genetic analyses

Expected heterozygosity (H.), observed heterozygosity (H,),
and F Stat parameters [Fyw (Wright, 1978) and Fgr] were calcu-
lated using GENETIX v. 4.03 software (Belkhir et al., 1996—
2004). In population genetics, Wright’s F-statistics or Fyy (also
known as fixation indices) describe the deviation to the ex-
pected level of heterozygosity in a population according to
Hardy—Weinberg expectation. One of the main factors that in-
duce such deviation is the sub-division of the global population
into sub-populations, with limited gene flow between sub-popu-
lations. The index (Fgr) is a measure of differentiation between
a priori defined sub-populations. A convergence between Fgr
and Fy indicates that the differentiation between the a priori
defined sub-populations is the main component of the global
population structure. The potential of each marker to distin-
guish one of the four basic taxa from the three others was esti-
mated based on the Gg parameter (Nei, 1973) considering two
sub-populations: (1) the taxa concerned and (2) a theoretical
population of the three other basic taxa. Ggr estimations were
computed with GENETIX v. 4.03 software (Belkhir er al.,
1996-2004).

Genetic relationships were identified by Neighbor—Joining
analysis with DARwin software (Perrier and Jacquemoud-
Collet, 2006), using the simple matching dissimilarity index.
Cluster robustness was tested with 1000 bootstraps.

Population structure was inferred with STRUCTURE version
2.3.4 (Pritchard Lab, 2014), which implements a model-based
clustering method using genotype data (Pritchard ez al., 2000;
Falush et al., 2003). No prior population structure was defined.
The option we used was the linkage model, with correlated al-
lele frequencies and the computed probability of the data for es-
timating K. Analyses were performed with the K value (number
of sub-populations) varying between 1 and 10. The statistics
used to select the correct K value were those used by Evanno
et al. (2005): mean likelihood, L(K); mean difference between
successive likelihood values of K, L’(K); the absolute value of
this difference, |L”’(K)|; and AK, which is the mean of the abso-
lute values of L”’(K) divided by the standard deviation of L(K).
The likelihood distribution L(K) and AK were the main values
used to choose the optimal K value of the population.
STRUCTURE was run ten times with 50 000 burn-in steps fol-
lowed by 50 000 Monte Carlo Markov Chain (MCMC) repeti-
tions. For the best K value, the output clusters of ten
independent STRUCTURE runs were permuted and aligned,
and the average frequency and standard error of the contribu-
tion of each basic population were estimated.

RESULTS
Evaluation of ploidy level

Five triploid (‘Ambilobe’, ‘Coppenrath’, ‘Madagascar’,
‘Mohtasseb’ and ‘Tanepao’) and one tetraploid (‘Giant Key’)
limes were identified among the 12 accessions classified as C.
aurantifolia by Tanaka (1961). The five accessions of C. latifolia
(‘Bears’, ‘El Kseur’, ‘IAC-5’, ‘Persian’ and ‘Tahiti’) were trip-
loid. All the other accessions analysed were found to be diploid
(Suppelementary Data Table S1).
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Cytoplasmic diversity

The three indel mitochondrial markers revealed five mito-
types within Citrus (Supplementary Data Fig. S2; Table S3), in
agreement with Froelicher ez al. (2011). Mitotype 1 was charac-
teristic of true citrons and was not found in any other acces-
sions. Mitotype 2 included the two C. micrantha, the 12C.
aurantifolia, C. aurata, the two C. excelsa, and C. macrophylla
accessions. Mitotype 3 included the eight edible mandarins and
the clementine, but no limes or lemons. Mitotype 4 corre-
sponded to the mandarins called acid mandarins by Froelicher
et al. (2011). It included four non-edible or wild mandarins, C.
Jjambhiri, two C. karna, three C. limonia and six Citrus sp. ac-
cessions. Mitotype 5 previously identified as a C. maxima mito-
type (Froelicher et al., 2011) included all C. maxima
accessions, two C. aurantium, C. bergamia, five C. latifolia,
three C. limetta, 39 C. limon, three C. lumia, three C. lime-
ttioides, two C. paradisi, two C. sinensis, the C. meyeri and the
C. pyriformis accessions, as well as nine Citrus sp. accessions.

Chloroplastic markers revealed six chlorotypes, mostly in
agreement with the mitotypes (Supplementary Fig. S2; Table
S3), but with one difference: mitotype 5 was divided into two
sub-groups. The first sub-group (chlorotype 5) shared the sour
orange chlorotype with C. bergamia, five C. latifolia, three C.
limetta, 39 C. limon and four C. Citrus sp. The second sub-
group (chlorotype 6) was found in the 11 C. maxima, three C.
lumia, three C. limettioides, two C. paradisi, two C. sinensis,
the C. meyeri and the C. pyriformis accessions, as well as four
Citrus sp. Thus six cytoplasmic types (CTs) corresponding to
the six chlorotypes were identified (Fig. 1; Fig. S2). Lime and
lemon accessions were found in four of the six CTs: 53, 12, 12
and 16 in sour orange, pummelo, non-edible mandarin and C.
micrantha CTs, respectively.

Nuclear genome diversity at the diploid level

Potential of the different kind of markers for differentiation
between ancestral taxa. Simple sequence repeats were the most
polymorphic markers, with an average of 8-11 alleles/locus
across the 33 accessions representative of the four basic taxa,
while the selected indels and SNPs had 2-75 and two alleles/lo-
cus, respectively (Table 1). The same higher SSR polymor-
phism was observed within accessions (average observed
heterozygosity H,=0-42 = 0-02 compared with 0-10 = 0-07
for indels and 0-07 = 0-02 for SNPs) and within each basic
taxon [expected heterozygosity (H.) ranged from 0-21 to 0-55,
0 to 0-27, and 0-01 to 0-12 for SSRs, indels and SNPs, respec-
tively]. In return, SSRs displayed lower values for the global
genetic  organization parameters (Fy of 0-47 % 0-09,
0-78 =0-14 and 0-78 = 0-06; Fst considering the four basic
taxa as sub-populations of 0-51*0-09, 0-85*0-10 and
0-79 = 0-06 for SSRs, indels and SNPs, respectively (Table 1).
The analysis of species Gst confirmed the relatively low effi-
ciency of SSRs for specific differentiation compared with se-
lected indels and SNPs (Fig. 2A). Among the low Ggr values
(<0-5), some SNP markers developed from clementine BAC
(bacterial artificial chromosome) end-sequencing data
(Ollitrault et al., 2012) revealed intraspecific variability of C.
reticulata and C. maxima (Fig. 2B). To analyse the interspecific
admixture of limes and lemons, we selected the 73 markers
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with a Ggr value >0-5 and unambiguously identified specific
alleles (Fig. 2C). For markers with Ggr <1, an allele was con-
sidered to be specific when it was only observed in one of the
basic taxa.

Nuclear structure of limes and lemons. Dissimilarities (simple
matching index) were calculated between each pair of diploid
accessions from the 123 markers. Ninety multilocus genotypes
(MLGs) were identified. Twenty-seven yellow lemons (C.
limon) displayed the same MLG (Table 2; Supplemetnary Data
Table S1). Identical MLGs were also observed in two C. lumia
(‘Barum’ and ‘Borneo’ lemons), two C. limettioides (‘Bisri’
and ‘Brazil’ sweet limes), two C. limetta (‘A mamelon limette’
and ‘Marrakech acid limonette’), two C. sinensis, two C. para-
disi and two C. aurantium. Genetic parameters were evaluated
from the MLG matrix.

With an average of 0-49 = 0-05, all Tanaka’s (1961) and
Swingle and Reece’s (1967) lime and lemon species displayed
high heterozygosity (H,; Table 2) compared with the four basic
taxa (Table 1). Similar average values (0-47 = 0-05) were ob-
served for the unclassified lime- and lemon-like accessions.
Citrus pyriformis had the lowest H, (0-25), while the values of
all other Tanaka species ranged from 0-31 for C. [umia and
0-59 for C. jambhiri. Both Swingle and Reece’s C. limon and
C. aurantifolia species showed similar intraspecific polymor-
phisms (H.=0-34*=0:04) and an excess of heterozygosity
(negative Fyy values) explained by the asexual diversifications
(mutations, transposition and epigenetic variations) of many ac-
tual cultivars issued from the ancestral hybrid by vegetative
propagation.

Neighbor—Joining analysis of the 90 MLGs (53 limes and
lemons, 33 basic taxa and four other secondary species) was
performed using the 123 molecular markers, and revealed sev-
eral clusters combining lime and lemon accessions with high
bootstrap values (>80 %; Supplementary Data Fig. S3).
Accessions in the same cluster systematically shared the same
CT. For that reason, the nuclear results [clusters on the
Neighbor—Joining tree, STRUCTURE analysis (Fig. 3) and
study of the frequencies of homozygous and heterozygous diag-
nostic alleles in the four ancestral taxa (Fig. 4)] are organized
according to the CTs. STRUCTURE software analysis and ho-
mozygosity/heterozygosity (Hom/Het) for the four species-
diagnostic marker sets were based on the 73 markers with a
specific Ggr >0-5 and unambiguous specific alleles.
STRUCTURE analysis with the linkage option was performed
without prior definition of a population, and ten replicate runs
were performed for K values ranging from 1 to 10. Analysis of
AK showed that optimal results were obtained with K=4
(Supplementary Data Table S4). Low variability of estimated
frequencies was observed among the ten runs with K=4
(Table S5). The average values of the ten runs are shown in
Fig. 3.

Nine of the ten MLGs sharing CT2 (C. micrantha CT)
formed the main cluster (C), which was sub-divided into three
sub-clusters. Sub-cluster C1 included three C. aurantifolia ac-
cessions (‘Antillaise’, ‘Mexican’ and ‘Sans épine’ limes). Sub-
cluster C3 included the C. aurata accession (‘Pomme d’Adam’)
and the two C. excelsa accessions (‘Nestour’ and ‘Excelsa’
limes). Two C. aurantifolia accessions were included in C4
(‘Kagzhi’ and ‘New Caledonia’ limes). The C. macrophylla
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CT2. C. micrantha

Citrus micrantha: Small flowered papeda
Citrus micrantha: Small flowered papeda

Citrus aurantifolia:
Citrus aurantifolia:

Citrus aurantifolia:

Citrus aurantifolia:
Citrus aurantifolia:

Citrus aurantifolia:

Citrus aurantifolia:
Citrus aurantifolia:
Citrus aurantifolia:
Citrus aurantifolia:
Citrus aurantifolia:

Citrus aurantifolia:

Ambilobe lime
Mexican lime
Antillaise SG lime
Coppenrath lime
Giant Key lime
Kaghzi lime

Kirk lime
Madagascar lemon
Mohtasseb SG lime
New Caledonia lime
sans épine lime
Tanepao lime

Citrus aurata: Pomme d Adam lime
Citrus excelsa: Excelsa lime
Citrus excelsa: Nestour lime
Citrus macrophylla: Alemow

0-2

CT3. Edible mandarins

Citrus kinokuni: Nan feng mi Chu mandarin

Citrus deliciosa: Willowleaf mandarin
Citrus erythrosa: Fuzhu mandarin

Citrus erytthrosa: San Hu Hong Chu mandarin
Citrus paratangerina: Ladu ordinaire mandarin

Citrus suhuiensis: Se hui gan mandarin
Citrus suhuiensis: Szinkom mandarin
Citrus tangerina: Dancy mandarin
Citrus clementina: Nules clementine

Y /

100
90

100

70

95
96

CT6. Pummelos

Citrus maxima: Azimboa pummelo
Citrus maxima: Sans pepin pummelo
Citrus maxima: Chandler pummelo
Citrus maxima: Da Xhang pummelo
Citrus maxima: Deep Red pummelo
Citrus maxima: Flores pummelo

Citrus maxima: Gil pummelo

Citrus maxima: Nam Roi pummelo
Citrus maxima: Pink pummelo

Citrus maxima: Tahitian pummelo
Citrus maxima: Timorese pummelo
Citrus paradisi: Marsh grapefruit

Citrus pa radisi: Star Rubv grapefruit
Citrus limettioides: Bisri Sweet lime
Citrus limettioides: Brasil sweet lime
Citrus limettioides: Palestinian sweet lime
Citrus lumia: Barum lemon

Citrus lumia: Borneo lemon

Citrus lumia: S. P. Jaffa lemon

Citrus meyeri: Meyer lemon

Citrus sinensis: Snamouti sweet orange
Citrus sinensis: Valencia late delta sweet orange
Citrus pyriformis: Ponderosa lemon
Citrus sp.: Butnal Sweet lemon

Citrus sp.: Kulu lemon

Citrus sp.: Hybride Fourny lemon

Citrus sp.: Ichang lemon

CT4. Wild mandarins

Citrus sunki: Sunki mandarin

Citrus reshni: Cleopatra mandarin
Citrus reticulata: Sun Chu Cha mandarin
Citrus depressa: Shekwasha mandarin
Citrus jambhiri: Rough lemon
Citrus kama: Khatta Kama lime
Citrus kama: Indian Khatta lime
Citrus limonia: Rangpurjaune lime
Citrus limonia: Rangpur lime
Citrus limonia: Volkamer lemon
Citrus sp.: Alikioti lime

Citrus sp.: India lime

Citrus sp.. Milan lemon

Citrus sp.: India lemon

Citrus sp.: Citrus voangiala lime
Citrus sp.: Kaghi lime

N

CT5. Sour oranges

Citrus aurantium: Bouﬁuet de fleurs sour orange
Citrus aurantium: Sevillan sour orange
Citrus bergamia: Calabria Bergamot
Citrus latifolia: Bears lime

Citrus latifolia: El Kseur lime

Citrus latifolia: Persian lime

Citrus latifolia: Tahiti lime

Citrus latifolia: 1AC-5 lime

Citrus limetta: a mamelon limette
Citrus limetta: Marrakech acid limonette
Citrus limetta: Marrakech limonette
Citrus limon: Kutdiken lemon

Citrus limon: Molla Mehemet lemon
Citrus limon: Vakhalou lemon

Citrus limon: Eureka lemon

Citrus limon: Femminello lemon

Citrus limon: Adamo lemon

Citrus limon: Adamopoulos lemon
Citrus limon: AK lemon

Citrus limon: Allen lemon

Citrus limon: Apireno Continella lemon
Citrus limon: Asaasli lemon

Citrus limon: Cerza lemon

Citrus limon: Corpaci lemon

Citrus limon: Corsigliese lemon

Citrus limon: Demre dickensiz lemon
Citrus limon: Fino lemon

Citrus limon: Imperial lemon

Citrus limon: Interdonato lemon

Citrus limon: Karystini lemon

Citrus limon: Lamas lemon

Citrus limon: Lapithou lemon

Citrus limon: Limoneira 8A lemon
Citrus limon: Lisbon lemon

Citrus limon: Luminciana lemon

Citrus limon: Maghzalani lemon
Citrus limon: Maglini lemon

Citrus limon: Malti lemon

Citrus limon: Menton lemon

Citrus limon: Monac hello lemon
Citrus limon: Moretti lemon

Citrus limon: Sanauin lemon

Citrus limon: Santa Teresa lemon
Citrus limon: Siracusano sans epine lemon
Citrus limon: Sweet lemon

Citrus limon: Ussana sans pepins lemon
Citrus limon: Variegated lemon

Citrus limon: Villafranca lemon

Citrus limon: Yedi-veren lemon

Citrus limon: Zagara Bianca lemon
Citrus sp.: Bitrouni lime

Citrus sp.: Big fruit lime

Citrus sp.: Damas citron

Citrus sp.: Mak nao Si citron

Citrus sp.: Rhobs el Arsa

569

FiG. 1. Cytoplasmic type of the 133 citrus accessions. Neighbor-Joining tree established from three mitochondrial indels and five chloroplastic simple sequence re-
peats (SSRs). Blue numbers: bootstrap value given to each edge indicates the frequency of occurrence of this edge in the bootstrapped trees. Blue line: scale of edge

lengths.
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TaBLE 1. Diversity of the basic taxa
C. reticulata (n=12) C. maxima (n=11) C. medica (n=28) C. micrantha (n=2) Total (n=33)

19 SSRs NA 4.47 3.26 1-89 1-44 811
H, 0-61 =0-11 0-45 +0-15 0-10 = 0-06 0-41 £0-24 042 +0-018
H, 0-55*+0-10 0-47 £0-11 0-21 £0-11 021 £0-12 0-77 =0-04
Fw -0-11 £ 0-07 0-05 £0-22 0-46 = 0-26 —091+0-19 0-47 =0-09
Fsr 0-513 = 0-085
MLG 12 10 8 2 32

8 indels NA 1-63 1-36 1 1-13 275
H, 0-21 +0-17 0-06 = 0-07 0 0-13 =024 0-10 = 0-07
H. 0-27 =0-09 0-05 £ 0-06 0 0-06 =0-12 0-44 = 0-05
Fw -0-10+0-18 —0-08 = 0-04 N -1 0-78 £0-14
Fer 0-85=0-10
MLG 10 3 1 1 15

96 SNPs NA 1-39 1-14 1-14 1-02 2
H, 0-13+0-04 0-04 = 0-02 0-04 £0-02 0-01 £0-02 0-07 £0-02
H, 0-12 = 0-04 0-04 £0-03 0-04 =0-02 0-01 =0-01 0-33 003
Fw -0-06 = 0-08 0-11 =£0-21 -0-07 £0-17 -1 0-78 = 0-06
Fer 0-79 =+ 0-06
MLG 10 10 7 1 28

123 markers NA 1-89 1-48 1.24 1-05 2-99
H, 0-21 =0-05 0-10 = 0-04 0-05 £0-02 0-07 £0-04 0-13+0-03
H. 0-19 = 0-04 0-11 £0-04 0-06 =0-03 0-04 =0-02 0-40 = 0-04
Fw -0-1+0-06 0-06 £0-14 0-16 =0-18 -0-92 +0-15 0-73 =005
Fer 0-75 = 0-06
MLG 12 11 8 2 33

n, number of accessions analysed; NA, mean number of alleles/locus; H,,, observed heterozygosity; H., expected heterozygosity; Fv, Wright’s fixation index;
Fgr: intertaxa structuration parameter; MLG. number of different multilocus genotypes.

accession was also part of cluster C (C2). These nine MLGs
displayed very similar structural patterns (Fig. 3) in which
C. medica and C. micrantha each contributed half. The sub-
clusters C1 and C3 and C. macrophylla also displayed very
similar Hom/Het patterns, with most of the C. medica- and
C. micrantha-specific alleles in heterozygosity and no other
taxon contribution (Fig. 4). All these genotypes presumably re-
sult from direct hybridization between C. medica and C.
micrantha (or closely related) gene pools. Several SSR markers
pointed to heterozygous genotypes in sub-clusters C1, C3 and
C. macrophylla, each with different alleles. They thus probably
resulted from three independent reticulation events. Analysis of
the proportion of markers out of the 123 for which a C.
micrantha x C. medica hybridization (based on our limited
sample) presumably produced the genotypes of these secondary
species (Supplementary Data Table S6) revealed higher congru-
ence for ‘Mexican’ lime (95-1 %) than for ‘Excelsa’ lime
(88 %) and ‘Alemow’ lime (89-3 %). In addition to the hetero-
zygous patterns observed in C1, C3 and C. macrophylla, the
two accessions in the C4 cluster displayed small proportions of
C. medica- and C. micrantha-specific alleles in homozygosity
(Fig. 4). Their origin is therefore more complex and presumably
results from a backcross (BC) or from F, hybridization events,
or possibly from the loss of chromosome fragments. Among
the 123 markers, the direct C. micrantha X C. medica model
showed only 86 % congruence. The best sexual hybridization
model tested was the backcross model (‘Mexican’ lime X cit-
ron) with 93-4 % congruence; however, this does not explain
the homozygous C. micrantha alleles. Variability within a sub-
cluster was very low in all the C sub-clusters and mostly corre-
sponded to heterozygous/homozygous variations (14 Het/Hom
polymorphisms, only five Het/Het and 0 Hom/Hom were

observed). This variability within a sub-cluster may correspond
to sporadic mutations [or possibly to genotyping errors due to
PCR drift (i.e. allele competition) for the Het/Hom variations].

The ‘Kirk’ lime, which shared the CT2, differed completely
from the other accessions at the nuclear level. It combined sig-
nificant contributions from all four ancestral taxa (Fig. 3) in
heterozygosity (Fig. 4). It displayed close to 50 % C. reticu-
lata-, 50 % C. maxima-, 75 % C. medica- and 25 % C. micran-
tha-specific alleles in heterozygosity. ‘Kirk’ lime therefore
probably results from the hybridization of two complementary
direct interspecific hybrids. For example, considering its C.
micrantha CT (C. micrantha x C. medica) x (C. maxima X C.
reticulata), hybridization is a possibility. We tested the congru-
ence of the ‘Mexican’ lime X sour orange and ‘Mexican’
lime x sweet orange models across the 123 markers
(Supplementary Data Table S6), but their congruence was rela-
tively low (82-8 and 89-7 %, respectively). However, consider-
ing the diversity of C. maxima and C. reticulata, the ‘Mexican’
lime x (C. maxima/C. reticulata) model remains possible
(93-1 % congruence).

Cytoplasmic type 4 (wild mandarin cytoplasm type) showed
two main clusters (Figs 1 and 3; Supplementary Data Fig. S3).
The first cluster (E) included one sub-cluster (E3) and three ad-
ditional MLGs (E1, E2 and E4). The E cluster joined the F clus-
ter with a lower bootstrap value (Fig. S3). The E and F clusters
included all C. limonia (‘Volkamer’ lemon in cluster E, and
‘Rangpur’ and ‘Yellow Rangpur’ limes in cluster F) and C.
karna accessions (‘Indian Khatta’ and ‘Khatta Karna’ limes in
cluster F) and C. jambhiri (‘Rough’ lemon in cluster E) and
three Citrus sp. (‘Citrus voangiala’ lime, ‘Kaghi’ lime and ‘SP
India’ lemon). The patterns revealed by STRUCTURE analysis
of all these accessions (Fig. 3) and the Hom/Het diagnostic
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Fic. 2. Distribution of the highest specific Gsr values. (A) Comparative distribution of the three kinds of markers [simple sequence repeats (SSRs), indels and single
nucleotide polymorphisms (SNPs)]. (B) Diagnostic value of the 123 markers for the ancestral taxa. (C) Diagnostic value of the 73 selected markers for
STRUCTURE and specific allele homozygosity/heterozygosity (Hom/Het) analysis of the ancestral taxa. N, non-diagnostic markers.

allele (Fig. 4) were very similar, showing that C. medica and C.
reticulata (Fig. 3) each contributed close to 50 % of heterozy-
gosity (Fig. 4). The differentiation between the isolated acces-
sions and clusters E and F (heterozygous markers with different
alleles) suggests that each group resulted from different reticu-
lation events of C. reticulata X C. medica hybridizations. This
hypothesis was validated for ‘Rangpur’ lime, ‘Volkamer’ and
‘Rough’ lemons with around 97 % of congruence for the

C. reticulata x C. medica model (Table S6). Among the differ-
ent mandarins, ‘Sun Shu Cha’ shared the wild mandarin cyto-
plasm type and displayed the best nuclear congruencies
(89-3 % for ‘Rangpur’ lime, 94-2 % for ‘Volkamer’ lemon and
95-1 % for ‘Rough’ lemon). The three other accessions which
shared the CT4 displayed a more complex genomic structure.
Two accessions (‘Milan’ lemon and ‘Alikioti’ lime) combined
C. reticulata, C. maxima and C. medica contributions in
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TABLE 2. Diversity of Swingle and Reece’s and Tanaka’s lime and lemon species based on the MLG matrix and 123 molecular markers

Swingle and Reece Tanaka n MLGs H, H, Fw
C. aurantifolia (Christm.) Swing. C. aurantifolia 6 6 0-45 = 0-07

C. bergamia 1 1 0-39 = 0-09

C. excelsa 2 2 0-46 = 0-09

C. limettioides 3 2 0-53 £ 0-09

C. macrophylla 1 1 0-44 = 0-09

Total C. aurantifolia 13 12 0-47 = 0-06 0-34 = 0-04 —0-30 £ 0-07
C. limon (L.) Burm. C. aurata 1 1 0-45 +0-09

C. jambhiri 1 1 0-59 = 0-09

C. karna 2 2 0-53 = 0-09

C. limetta 3 2 0-56 = 0-09

C. limon 39 13 0-51 = 0-08

C. limonia 3 3 0-58 = 0-08

C. lumia 3 2 0-31 = 0-07

C. meyeri 1 1 0-55 = 0-09

C. pyriformis 1 1 0-25 = 0-08

Total C. limon 54 26 0-50 = 0-06 0-34 £ 0-04 —0-34 = 0-06
Citrus species 15 15 0-47 = 0-05 0-36 = 0-04 -0-26 = 0-05
All limes and lemons 82 53 0-49 = 0-05 0-37 = 0-03 —0-25 £0-05

n, number of accessions; MLG, multilocus genotype; H,, observed heterozygosity; H., expected heterozygosity; Fyy, Wright’s fixation index.

variable proportions. With a close to 50 % contribution from C.
reticulata, ‘Milan’ lemon presumably results from a hybridiza-
tion between C. vreticulatax (C. maxima x C. medica).
‘Alikioti’ lime had homozygous C. maxima and C. reticulata
alleles and only a slightly more than 10 % contribution from C.
medica, pointing to a complex origin with, for example, one
parent with C. maxima/C. reticulata heterozygosity and the
other of tri-specific origin (C. reticulata, C. maxima and C.
medica). In the case of the ‘India’ lime, there was a discrepancy
between the STRUCTURE analysis, which suggests a contribu-
tion from C. micrantha, and the Hom/Het pattern of diagnostic
SNPs. Consequently no hypothesis can be proposed concerning
its origin.

Cytoplasmic type 5 (sour orange cytoplasm type) showed
three main nuclear clusters (Figs 1 and 3; Supplemtary Data
Fig. S3). The first cluster (A) is only composed of C. limon
MLGs. It includes a sub-clade (Al) of very close genotypes, in
particular an MLG representing 27 lemons (MLGLem). The
second cluster (B) branched with cluster A but with a low boot-
strap value. This cluster included the three C. limetta accessions
(‘Marrakesh acid’ and ‘a mamelon’ limes represented by the
same MLG, and ‘Marrakesh’ sweet lime). The third cluster (D)
included two citron hybrids (‘Mak Nao Si’ and ‘Damas’). All
CTS5 accessions, except the ‘Bitrouni’ lime, had the same three
ancestors (C. reticulata, C. maxima and C. medica). The
STRUCTURE and Hom/Het patterns of all the accessions in
cluster Al were very similar, with 49, 31 and 20 % contribu-
tions from C. medica, C. reticulata and C. maxima, respectively
(values for the MLGLem) and heterozygosity of specific al-
leles. These results are in full agreement with a (C.
maxima X C. reticulata) x C. medica hybridization. This hy-
pothesis was then validated across the 123 markers with 99-2 %
congruence (Table S6). All genotypes in sub-cluster Al were
very close and, considering the highly complex heterozygous
interspecific structure resulting from three-way hybridization,
they could not be the result of different hybridization events or
by further hybridizations after the creation of the yellow lemon
prototype. These varieties are therefore mutants or somaclonal

variants that appeared during clonal propagation. Two addi-
tional accessions in cluster A (‘Interdonato’ and ‘Luminciana’
lemons) displayed slightly higher contributions from citron (54
and 57 %, respectively) with specific homozygous alleles.
Interestingly, the differentiation of these two lemons from the
MLGLem results from homozygosity, mostly of C. medica al-
leles with apparent non-random distribution. In particular,
‘Luminciana’ lemon displayed homozygosity for C. medica al-
leles with five consecutive heterozygous markers at the end of
chromosome 9, and two consecutive heterozygous markers on
chromosomes 5 and 8. Given that the complex structure result-
ing from the three-species combinations is conserved in all
other regions of the genome, thus excluding the possibility of
sexual recombination, this observation suggests significant de-
letion events in these two genotypes. The profiles of the three
C. limetta accessions resembled those of the A cluster but with
a higher proportion of C. reticulata. In addition, they displayed
heterozygosity for different alleles from those in cluster A. The
three C. limetta accessions very probably result from the same
kind of evolutionary sequence as C. limon in cluster A, (C.
maxima x C. reticulata) x C. medica, but from different segre-
gations in the C. maxima x C. reticulata gamete. Like yellow
lemons, congruence with the C. aurantium x C. medica model
was very high across the 123 markers (98-3 %; Supplementary
Data Table S6). The ‘Rhobs el Arsa’ citron hybrid had a very
similar structure and probably has the same origin as C. limetta.
The two accessions in cluster D (‘Mak Nao Si’ and ‘Damas’
citron hybrids) probably also resulted from the same evolution
but with a higher proportion of C. maxima transmitted by the
gamete of the C. maxima x C. reticulata parent. The ‘AK’
lemon displayed homozygosity for the C. medica allele and
therefore comes from a more complex origin. Citrus bergamia
had a smaller proportion of C. medica (30 %) and close to 50 %
C. maxima alleles, as well as the specific homozygous alleles
of C. maxima, C. reticulata and C. medica. Citrus bergamia
therefore probably does not result from direct interspecific hy-
bridization. Among the three model tested with the 123 markers
(Table S6), the C. limon (‘Lisbon’) x C. aurantium (‘Sevilla’)
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FiG. 4. Contribution of the four ancestral taxa to the 90 MLGs. Analyses of the frequency of homozygosity and heterozygosity (%) using the four specific sets of di-
73 specific markers). Orange, C. medica homozygosity; yellow, C. medica heterozygosity; red, C. reticulata homozygosity; pink, C. reticu-
blue, C. maxima homozygosity; light blue, C. maxima heterozygosity; dark green, C. micrantha homozygosity; light green, C. micrantha

agnostic markers (total of
lata heterozygosity; deep

model was the best (96-7 % congruence). With 67 % contribu-
tion from C. maxima and 31 % from C. medica and homozy-
gous C. maxima alleles, the ‘Bitrouni’ lime probably results

from a C. maxima X

heterozygosity).

(C. maxima x C. medica) backcross.

Cytoplasmic type 6 displayed one main nuclear cluster (G)
(Figs 1 and 3; Supplementary Data Fig. S3), joining the three
C. limettioides accessions (‘Palestinian’ and ‘Brazil’ sweet
limes, and ‘Bisri’ lime; the last two accessions having the same
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TABLE 3. Genetic structuration of lime and lemon germplasm ac-
cording to Tanaka (1961), Swingle and Reece (1967) and our
cluster analysis

Fsr Fis Fir
Tanaka sub-division 0232 +0:027 -0475*+0-072  —0-133 = 0-068
Swingle sub-division ~ 0-094 =0-022  -0-227 =£0-068  —0-112 = 0-069
Genetic clusters 0-315+0:036  -0-813 £0-059  -0-267 = 0-071

MLG), and ‘Butnal’ sweet lemon. These accessions had a
three-species nuclear structure (C. reticulata, C. maxima and C.
medica in heterozygosity) similar to that observed in yellow
lemons. With almost 50 % contribution from C. medica, they
are probably (C. maxima x C. reticulata) x C. medica hybrids
but with C. maxima x C. reticulata parents different from C.
limon or C. limetta, as testified by the CT. The STRUCTURE
and Hom/Het pattern of ‘Meyer’ lemon resembled that of C.
limettioides and probably has a similar origin (C. maxima x C.
reticulata) x C. medica. This origin was confirmed across the
123 markers with 98-3 and 95-8 % congruence, respectively
(Table S6). However, none of the accessions with a C. reticu-
lata/C. maxima constitution [sweet orange, ‘Ichang’ lemon
tested (Table S6)] and with CT6 provided conclusive results.
Most of the other accessions sharing this CT displayed complex
structures with contributions from three or four ancestral taxa.
However ‘Jaffa’ lemon, C. pyriformis (‘Ponderosa’) and
‘Hybride Fourny’ lemon showed contributions only from C.
maxima and C. medica. ‘Hybride Fourny’ lemon is probably a
direct hybrid (96-7 % congruence across 123 markers; Table
S6), while ‘Ponderosa’ and ‘Jaffa’ lemons displayed C. maxima
and C. medica homozygous alleles, suggesting a more complex
origin (possibly an F,-like origin). The accessions classified as
C. lumia appeared to have very different origins: ‘Jaffa’ lemon
showed a C. medica/C. maxima constitution while ‘Borneo’
and ‘Barum’ lemons showed a C. maxima/C. medica/C.
micrantha constitution.

The global genetic structure was rather disconnected from
the two main taxonomic classifications of limes and lemons, as
confirmed by the F Stat analysis (Table 3). Swingle and
Reece’s and Tanak’s Fgr values were respectively very low
(0-094) and low (0-232), while the high negative Fig values (—
0-227 and -0-475, respectively) probably testify to fixed
within-species heterozygosity due to vegetative propagation.
Considering the main genetic clusters in our study
(Supplementary Data Fig. S3) as sub-populations, the F param-
eters revealed improved intergroup organization compared with
classical taxonomic classifications (Fgp=0-315 = 0-036) and
F1s=-0-813 £ 0-059).

Nuclear diversity at the triploid and tetraploid levels

Ten triploid limes and one tetraploid lime belonging to C.
aurantifolia and C. latifolia species were analysed with molecu-
lar markers by inferring allele dosage. Figure 5 gives an
example for the 9P25060404 SNP marker (AG) displaying a
citron-specific allele (G). Among the four triploid limes ana-
lysed on the plate, an AGG genotype was inferred for
‘Tanepao’ and ‘Coppenrath’ limes, and AAG for ‘Tahiti’ and
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Fic. 5. Pattern of relative allele fluorescence for the 9P25060404 SNP marker
and inference of allele dosage for four triploid limes (AGG, ‘Tanepao’ and
‘Coppenrath’ limes; AAG, ‘Tahiti’ and ‘Persian’ limes). Horizontal axis, dose
of allele A; vertical axis, dose of allele G; red cluster (Y:Y), GG homozygote ac-
cessions; green cluster (Y:X), AG heterozygote accessions; blue cluster (X:X),
AA homozygote accessions; black cluster (NTC) AGG, triploid accessions with
two doses of allele G and one dose of allele A; black cluster (NTC) AAG, trip-
loid accessions with two doses of allele A and one dose of allele G.

‘Persian’ limes. When it was not possible to infer allele doses
for heterozygous genotypes, the data were considered missing.
Missing data ranged from 4 to 30 %, with an average of 11 %
for SSRs and indels and between 0 and 6 % for SNPs, with an
average of 2 % (Table 4).

Among the SSRs and indels, the C. latifolia and C. aurantifo-
lia accessions displayed, respectively, 29 and 20 % homozy-
gous markers, 49 and 37 % heterozygous markers with two
alleles, and 22 and 43 % heterozygous markers with three al-
leles. Citrus latifolia accessions were also more heterozygous
for diallelic SNP markers, with an average of 54 % heterozy-
gous markers compared with 42 % in the triploid C. aurantifo-
lia. In the tetraploid ‘Giant Key’ lime, no markers displayed
three alleles and the average heterozygosity was 41 %.
Concerning SSRs and indels, the relative peak ratios of ‘Giant
Key’ lime were equivalent to those of ‘Mexican’ lime and the
respective allele fluorescence for SNPs was also similar to that
of the ‘Mexican’ lime. We therefore assumed that the allele
doses at heterozygous loci were 2/2. With this inferred dosage,
‘Giant Key’ is probably a doubled diploid of a ‘Mexican’ type
of C. aurantifolia.

The hierarchical classification of the ten triploid limes re-
vealed two strong clusters corresponding to Tanaka’s C. latifo-
lia and C. aurantifolia species (Fig. 6). Diversity within each
cluster was very low.

We then evaluated the frequency of homozygosity, 2/3, 1/3
and 0 doses for the diagnostic alleles of the four specific marker
sets (total of 73 markers) (Fig. 7). None of the specific alleles
was found in homozygosity. The five triploid C. aurantifolia
displayed very similar patterns, with most of the C. medica di-
agnostic alleles found in double doses and C. micrantha alleles
in single doses (Fig. 7). This pattern and the C. micrantha-like
cytoplasm suggest that these triploid limes result from an
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TaBLE 4. Heterozygosity and multiallelism of polyploid limes and lemons

Names according toTanaka’s Ploidy n SSR and indels SNPs
classification

Common name Hom Di Tri n Hom Het
C. aurantifolia Madagascar lemon 3 0-15 0-26 0-57 0-17 0-00 0-57 0-43
C. aurantifolia Ambilobe lime 3 0-15 0-30 0-48 0-22 0-01 0-59 0-41
C. aurantifolia Coppenrath lime 3 0-07 0-28 0-52 0-20 0-02 0-56 0-44
C. aurantifolia Mohtasseb lime 3 0-30 0-32 0-42 0-26 0-02 0-60 0-40
C. aurantifolia Tanepao lime 3 0-11 0-29 0-46 025 0-02 0-56 0-44
C. latifolia Bears lime 3 0-07 0-20 0-36 0-44 0-02 0-46 0-54
C. latifolia Persian lime 3 0-07 0-20 0-36 0-44 0-00 0-46 0-54
C. latifolia El Kseur lime 3 0-11 0-21 0-38 0-42 0-06 0-46 0-54
C. latifolia TAC-5 lime 3 0-11 0-21 0-38 0-42 0-02 0-46 0-54
C. latifolia Tahiti lime 3 0-07 0-20 0-36 0-44 0-03 0-46 0-54
C. aurantifolia Giant Key lime 4 0-04 0-19 0-81 0-00 0-02 0-59 0-41

n, frequency of missing data; Hom, frequency of homozygous loci; Di, frequency of heterozygous loci with two alleles; Tri, frequency of heterozygous loci

with three alleles.

C. aurantifolia: Madagascar lemon

C. aurantifolia: Ambilobe lime \C' aurantifolia: Tanepao lime

'é 2(C. aurantifolia: Coppenrath lime

89
C. aurantifolia: Mohtasseb SG lime

C. latifolia: 1AC-5 lime

9
C. latifolia: El Kseur Iimeg‘eC. latifolia: Persian lime
C. latifolia: Bears lime
C. latifolia: Tahiti lime

0——0-005

FiG. 6. Hierarchical classification of triploid limes using 123 genetic markers.

Blue numbers, the bootstrap value given to each edge indicates the frequency of

occurrence of this edge in the bootstrapped trees. Blue line, scale of edge
lengths.

interspecific backcross (C. micrantha x C. medica) x C. med-
ica with a double contribution (2 x gamete) of the interspecific
hybrid. The hypothesis of an F, origin was invalidated by the
presence of triallelic SSR and indel markers. We tested the hy-
pothesis of the interspecific BC model by estimating the pro-
portion of the 123 markers able to generate the triploid C.

aurantifolia genotypes from a 2x ‘Mexican’ lime gamete and a
I x citron gamete (from the citron population). The test showed
that from 96-3 to 98-8 % of the markers fitted the model
(Supplementary Data Table S6).

The C. latifolia accessions displayed a much more complex
genomic structure, with a contribution from the four basic taxa.
Specific C. medica and C. micrantha alleles were found in sin-
gle (around 60 and 87 %, respectively) or double doses (35 and
13 %, respectively), and some C. reticulata- (32 %) and C.
maxima- (15 %) specific alleles were observed in single doses.
Considering that C. latifolia accessions share the sour orange/
yellow lemon CT, a (C. maxima x C. reticulata) x C. medica)
x C. (micrantha x C. medica) model with a 2x male gamete
probably explains the genomic structure of the C. latifolia ac-
cessions. We tested this hypothesis using a C. limon (‘Lisbon’
lemon) x C. aurantifolia (‘Mexican’ lime) model [C. limon
‘Lisbon’ being a potential (C. maxima x C. reticulata) x C.
medica) hybrid and C. aurantifolia ‘Mexican’ lime a C.
micrantha x C. medica hybrid]. Ninety-nine percent of the 123
markers fitted the model (Table S6). Moreover, all specific C.
maxima and C. reticulata alleles observed in the C. latifolia ac-
cessions were also present in C. limon ‘Lisbon’.

DISCUSSION

The lime and lemon citrus horticultural group is genetically
highly complex, involving four ancestral species with diploid,
triploid and tetraploid compartments.

While the other main citrus horticultural groups (sweet or-
anges, sour oranges, grapefruits and mandarins) result only
from diploid C. reticulata and C. maxima gene pools (Nicolosi
et al., 2000; Barkley et al., 2006; Ollitrault ez al., 2012; Garcia-
Lor et al., 2013D), the genomic structure and the origin of limes
and lemons appear to be much more complex.

Lime and lemon accessions shared four of the six types of
cytoplasm identified within the Citrus genus, testifying to four
maternal phylogenetic origins. Most C. limon, all C. limetta and
C. latifolia as well as C. bergamia and several unclassified ac-
cessions had an identical CT to C. aurantium. Earlier molecular
marker studies also concluded that C. aurantium and ‘yellow
lemons’ had the same CT (Nicolosi et al., 2000; Bayer et al.,
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FiG. 7. Contribution of the four ancestral taxa to the ten triploid limes. Analysis of the frequency of homozygosity and heterozygosity doses 2/3, 1/3 for the four spe-
cific sets of diagnostic markers (total of 73 markers). C., Citrus; mic, micrantha; med., medica; max., maxima; ret., reticulata.

2009; Froelicher et al., 2011; Carbonell-Caballero et al., 2015;
Curk et al., 2015a). Froelicher et al. (2011) also showed that C.
aurantium, ‘yellow lemons’ and triploid limes (‘Bears’ and
‘Tahiti’) shared the same mitotype. All C. limettioides, all C.
lumia, C. meyeri, C. pyriformis and several unclassified acces-
sions shared a C. maxima CT also found in sweet orange and
grapefruit. Chloroplast DNA (Nicolosi et al., 2000) and mito-
chondrial analysis (Froelicher et al., 2011) already showed that
C. limettioides and C. meyeri had a C. maxima maternal phy-
logeny. All C. limonia, C. jambhiri and C. karna, as well as six
unclassified accessions shared the same non-edible mandarin
CT. Differentiation between two main mandarin CTs as well as
the association of ‘Rangpur’ lime, ‘Rough’ and ‘Volkamer’
lemons and the ‘Cleopatra’ mandarin CT was previously de-
scribed by Froelicher et al. (2011) at the mitochondrial level.
The C. micrantha CT was found in all C. aurantifolia and all C.
excelsa, C. aurata and C. macrophylla accessions. The extreme
similarity between the ‘Mexican’ lime and ‘Alemow’ CT and
the CT of C. micrantha was already proposed based on chloro-
plastic and mitochondrial marker studies (Nicolosi et al., 2000;
Bayer et al., 2009; Froelicher et al., 2011; Penjor et al., 2013;
Curk et al., 2015a).

The natural variation in ploidy levels among accessions ob-
served in limes and lemons is rather rare in citrus. Spontaneous
tetraploid plants (doubled diploids) have been reported in seed-
lings of diploid polyembryonic genotypes (Aleza et al., 2011),
and 2n gametes are quite frequent (Esen and Soost, 1971;
Ollitrault er al., 2008), but the resulting natural 3x genotypes
have never previously been observed in the mandarin/pummelo
groups outside breeding programmes. The triploidy of C. latifo-
lia cultivars has already been described (Bacchi, 1940), and
‘Giant Key’ lime was known to be a spontaneous tetraploid

selected in a seedling of the diploid ‘Key’ lime (‘Mexican’ lime
type) in Florida in 1973 by H.C. Barrett (US Horticultural
Research Laboratory, Orlando; USDA, 2015). The triploidy of
the ‘Tanepao’-like accessions was unknown and unsuspected
because these triploid accessions produce seedy fruits. while
triploidy is mainly associated with sterility or highly reduced
fertility and seedlessness in citrus (Ollitrault ez al., 2008).
Based on 123 co-dominant markers (SSRs, indels and
SNPs), nuclear analysis revealed generalized high heterozygos-
ity of limes and lemons MLGs (H,=0-49 = 0-05 on average)
when compared with that of the basic taxa (0-13 = 0-03). This
confirms their probable interspecific origin, as already sug-
gested by several molecular studies (Herrero et al., 1996;
Federici et al., 1998; Gulsen and Roose, 2001a; Barkley et al.,
2006). All individuals in the same nuclear cluster shared the
same CT. The Neighbor—Joining tree revealed seven main clus-
ters (with bootstrap values of >90 %) of lime and lemon
MLGs. Two of them (C and E) were sub-divided into three and
four sub-clusters , respectively, with high (between 99 and
100 %) bootstrap values. Inter-sub-cluster variability revealed
several heterozygous loci in the different sub-clusters but with
different allelic constitutions, suggesting that they arose from
different hybridization events. Cluster A displayed a sub-cluster
(A1) of closely related genotypes (including an MLG represen-
tative of 27 C. limon accessions), and two slightly more differ-
entiated C. limon accessions. Considering that differentiation
was only due to the loss of heterozygosity in these two acces-
sions compared with the highly redundant MLG in sub-cluster
A1l (Lisbon lemon type) and the complex tri-specific origin of
cluster A (C. medicalC. reticulata, C. maxima), we consider it
probable that all MLGs in cluster A derived from the same hy-
brid ancestor without an additional sexual event. Nineteen
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MLGs remained alone, i.e. with strong clustering with other
lime or lemon genotypes, and may have originated from inde-
pendent hybridization events. We therefore hypothesize that the
limes and lemons we analysed arose from 29 independent retic-
ulation events [clusters A, B, D, F and G, sub-clusters C1, C3,
C4 and E3, one MLG in cluster C (C2), three MLGs in cluster
E (El, E2 and E4) and 16 unclustered MLGs]. This hypothesis
states that a significant proportion of lime and lemon intra-
horticultural group diversity results from different sexual re-
combination events, while in two other main secondary species
and their corresponding horticultural groups (C. sinensis, sweet
oranges, C. paradisi and grapefruits) all existing cultivars origi-
nated from a single clonal parent via a series of mutations or so-
matic variations (Bretd et al., 2001; Barkley et al., 2006;
Ollitrault er al., 2012; Garcia-Lor et al., 2013b).

The identification of 73 markers out of a total of 123 with
high phylogenetic values (allowing differentiation of one basic
taxon from the three others), further STRUCTURE analyses
and analysis of the frequency of homozygous and heterozygous
specific alleles in the diagnostic markers in the four sets of an-
cestral taxa provided information on the interspecific admixture
of each lime and lemon genome. While the C. medica CT was
not found in limes or lemons, the contribution of citron at the
nuclear level appears to be essential and is further discussed be-
low. Numerous lime and lemon MLGs appeared to originate
from direct hybridization between two ancestral taxa. Citrus
micrantha x C. medica is probably the model for nine diploid
MLGs, and the C. reticulata x C. medica model for nine
MLGs. Four MLGs displayed contributions from only C. med-
ica and C. maxima, but only the ‘Hybride de Fourny’ hybrid
was found to be a direct hybrid between these two species, as
previously hypothesized by Luro et al. (2012). A three-specific
origin (C. maxima X C. reticulata) x C. medica is in agreement
with 20 MLG patterns. Contributions from these three species —
although probably in more complex hybridization schemes —
have been reported in several limes and lemons, particularly in
C. bergamia. Finally, four MLGs at diploid level and C. latifo-
lia accessions at triploid level displayed a contribution from the
four ancestral taxa. The origins of the main lime and lemon
groups are further discussed in more detail below.

The geographical distribution of the centres of origin of the
different citrus species proposed by Malik et al. (1974) supports
the hypothesis that most of the prototypes of limes and lemons
originated in Asia where the diversification areas of the pre-
sumed parent overlap. Neither the botanical classifications of
Swingle and Reece (1967) and Tanaka (1954) nor the usual
lime and lemon denomination correctly encompass the organi-
zation of genetic diversity, which is logical considering, on the
one hand, the oversimplified dichotomy of Swingle and Reece
(C. limon/C. aurantifolia) or the usual denomination (lemon/
lime), whereas many more different phylogenetic origins are in-
volved, and, on the other hand, the multiplication of taxa pro-
posed by Tanaka, which separates sub-groups of similar origin
(i.e. C. karna/C. jambhiri/C. limonia or C. limon/C. limetta).

Citron is the common genetic contributor to limes and lemons but
never acted as the female parent

All lime- and lemon-like accessions analysed displayed a
contribution from the C. medica genome. Citrons appeared
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mainly as a direct parent for the 12 identified clusters and inde-
pendent sub-clusters and six of the unclustered MLGs.
However, none of the lime and lemon accessions analysed had
a C. medica maternal phylogeny. We therefore conclude that
citron was the male parent. Our results extend the hypothesis
proposed by several early taxonomists on the relationship be-
tween citron, limes and lemons to many more lime and lemon
accessions than previous studies. Our results also agree with
more recent conclusions based on analyses of cytoplasm and
nuclear markers (Nicolosi et al., 2000; Gulsen and Roose,
2001a; Abkenar et al., 2004; Barkley et al., 2006; Bayer et al.,
2009; Jena et al., 2009; Froelicher et al., 2011; Luro et al.,
2012; Curk et al., 2015a). Many authors consider that C. med-
ica originated in India (Malik et al., 1974; Scora, 1975; Jena
et al., 2009). However, chloroplast phylogenetic studies led
Beattie er al. (2008) to propose an Australasian origin for C.
medica. Indeed their closest relatives are Clymenia polyandra
from Papua New Guinea, Oxanthera spp. from New Caledonia,
and Microcitrus and Eremocitrus species from Papua New
Guinea and Australia. All these authors proposed that 30-35
million years ago, early species dispersed westward — possibly
as floating fruit — from north-eastern Australia, probably aided
by equatorial currents. Whatever their real geographical origin,
India has clearly been a centre for the diversification of citron
(Malik et al., 1974). Cytogenetic studies also demonstrated that
C. medica is a true parental species of limes and lemons
(Carvalho ef al., 2005). In a study of citron, limes and lemons,
Carvalho et al. (2005) showed that C. medica was the only cy-
togenetically homozygous accession and that all its chromo-
some types were clearly represented in limes and lemons, some
of them forming heteromorphic pairs. In addition, lemons and
limes were heterozygous for all rDNA sites, whereas C. medica
was entirely homozygous. Among the citrus groups thought to
be true Citrus species, citrons had the lowest observed hetero-
zygosity and diversity, as observed in several molecular studies
(Barkley et al., 2006; Garcia-Lor et al., 2012). This low poly-
morphism may be explained by the cleistogamy of citron flow-
ers. Indeed self-pollination increases homozygosity. Barrett and
Rhodes (1976) reported that citrons produce vigorous selfed
seedlings and tend to be highly homozygous, which is consis-
tent with our data. Cleistogamy may also explain why none of
the limes and lemons which displayed a direct relationship with
C. medica have citron as the female parent, while it is a totally
monoembryonic species (no apomixes) and is thought to pro-
duce hybrid progeny.

Global phylogenomic structure and origin of the main lime and
lemon groups

Incomplete congruence was found between Tanaka’s classi-
fication and the nuclear interspecific patterns and inferred ori-
gins. Our conclusions are schematized in Fig. 8, and those
concerning the main groups of lemons and limes previously
debated in the citrus literature are discussed below.

C. micrantha X C. medica. Citrus micrantha x C. medica are
presumably the model for C. macrophylla, C. aurata, C.
excelsa and diploid C. aurantifolia, including the widely culti-
vated ‘Mexican’ lime. Concerning ‘Mexican’ lime-like culti-
vars, our conclusions agree with the hypothesis of a
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FiG. 8. Origin of the main lime and lemon varietal sub-groups.

papeda x citron hybridization and, more specifically, C.
micrantha x C. medica hybridization proposed by several au-
thors based on biochemical data (Scora, 1975), molecular
markers (Nicolosi er al., 2000; Yamamoto et al., 2007,
Ollitrault et al., 2012; Garcia-Lor et al., 2013b) and cytogenetic
observations (Carvalho et al., 2005). Our results exclude the hy-
pothesis of a tri-hybrid intergeneric cross involving C. medica,
C. maxima and a species of Microcitrus, proposed by Barrett
and Rhodes (1976), or of a direct hybridization between C.
medica and C. maxima, proposed by Liang et al. (2007) from
an AFLP (amplified fragment length polymorphism) study. The
origin of ‘Alemow’ (C. macrophylla in Tanaka’s classification)
is more controversial. Swingle and Reece (1967) considered C.
macrophylla to be a hybrid of C. celebica, or some other spe-
cies of the subgenus Papeda, with a species of the subgenus
Citrus, probably C. maxima. Tanaka placed it in the Limonellus
section along with C. aurantifolia. Federici et al. (1998) found
that C. macrophylla clustered with C. aurantifolia, and the
papedas C. hystrix and C. micrantha, and Nicolosi et al. (2000)
mentioned that ‘Mexican’ lime and C. macrophylla had similar
C. medica/C. micrantha constitutions. A possible C.
micrantha x C. medica origin was also proposed by Ollitrault
et al. (2012) based on SNP data. Very few or no data are avail-
able on the origin of the other Tanaka species which presum-
ably have a similar C. micrantha (or closely related papeda) x
C. medica origin. In the case of the ‘New Caledonian’ and
‘Kaghzi’ lime, an F, (C. micrantha x C. medica) x (C.
micrantha x C. medica) model better fits the observed pattern
with homozygous C. medica- and C. micrantha- specific alleles
than a direct cross between ancestral taxa.

C. reticulata X C. medica. Based on our data, we propose C.
reticulata x C. medica as a model for C. limonia, C. jambhiri
and C. karna. The origins of ‘Rough’ lemon (C. jambhiri),
‘Volkamer’ lemon (C. limonia Osbeck) and ‘Rangpur’ lime (C.
limonia) have been widely debated. Most authors recognized
mandarin as one parent of ‘Rangpur’ lime but combined with
different second parents: lime (Webber, 1943; Tatum et al.,
1974; Barkley et al., 2006), sour orange (Barrett and Rhodes,
1976), ‘Rough’ lemon (Handa and Oogaki, 1985) and citron,
like the conclusion of our study (Federici et al., 1998; Gulsen
and Roose, 2001a; Li et al., 2007). Scora (1975) suggested that
‘Rough’ lemon was a natural hybrid between a mandarin and a
citron, and several more recent molecular studies agree with
this hypothesis (Federici et al., 1998; Nicolosi et al., 2000;
Gulsen and Roose, 2001a; Barkley et al., 2006; Ollitrault et al.,
2012). The origin of ‘Volkamer’ lemon is more controversial.
Barrett and Rhodes (1976) thought mandarin X sour orange was
a possible parentage. Nicolosi ez al. (2000) considered that cit-
ron and sour orange were the ancestors. Based on cytogenetic
evidence, Carvalho et al. (2005) considered that ‘Volkamer’
lemon originated from mandarin x citron like ‘Rough’ lemon
and ‘Rangpur’ lime. Our results agree with the last hypothesis,
and both cytoplasmic and nuclear data point to a very close re-
lationship between ‘Rough’ lemon and ‘Volkamer’ lemon.
Cytogenetic studies also provided evidence for mandarin X cit-
ron as the origin of ‘Volkamer’ lemon, ‘Rough’ lemon and
‘Rangpur’ lime (Carvalho et al., 2005). These authors also ob-
served that half the ‘Rough’ lemon and ‘Rangpur’ lime karyo-
types were identical to the haploid chromosome complement of
C. medica, while the other half of the chromosome set perfectly



580

matched the haploid complement of the ‘Cleopatra’ mandarin.
This last observation is also in agreement with our cytoplasmic
data showing that ‘Rough’ lemon, ‘Volkamer’ lemon and
‘Rangpur’ limes share the CT of acid mandarins (‘Cleopatra’,
‘Sunki’, ‘Shekwasha’ and ‘Sun Chu Cha’).

(C. maxima X C. reticulata)XC. medica. Three-species (C.
maxima x C. reticulata) x C. medica appear to be at the origin
of C. limetta, C. limettioides, C. meyeri and C. limon acces-
sions. Cytoplasmic data and analysis of the fit of different con-
crete parental models suggest that C. aurantium x C. medica
are at the origin of C. limetta and C. limon accessions, while
other parents derived from C. maxima and C. reticulata gene
pools are at the origin of C. limettioides and C. meyeri.
Contributions from C. maxima, C. reticulata and C. medica in
probably more complex hybridization schemes have been re-
ported in several limes and lemons, particularly in C. bergamia.
While Scora (1975) proposed that, by hybridization with lime,
citron gave rise to lemon, more recent molecular and cytoge-
netic studies (Nicolosi et al., 2000; Gulsen and Roose, 2001¢;
Carvalho et al., 2005; Ollitrault et al., 2012; Garcia-Lor et al.,
2013b; Ramadugu et al., 2013) agree that the ‘yellow lemon’
types originated from a C. aurantium x C. medica hybridiza-
tion, and this was confirmed by the very good fit (>99 %) be-
tween our data and this model. Citrus limetta cultivars probably
originated in the Mediterranean Basin (Webber et al., 1967)
where sour orange and citron had long been present, and our re-
sults suggest that they have the same phylogenetic origin as
‘yellow lemons’. Many hypotheses have been proposed con-
cerning the origin of C. limettioides. Citrus aurantifolia has fre-
quently been proposed as one of its parents: C. aurantifolia by
C. limetta or citron (Webber, 1943); C. aurantifolia by C.
sinensis (Barrett and Rhodes, 1976) or C. aurantifolia x C.
medica (Carvalho et al., 2005). Nicolosi et al. (2000) proposed
citron and sweet orange as putative male and female parents, re-
spectively. Our cytoplasmic data totally exclude the hypothesis
of C. aurantifolia as the female parent of C. limettioides.
Moreover, no evidence for a contribution by C. micrantha (one
direct parent of C. aurantifolia) was provided by our nuclear
analysis. We therefore consider that a contribution by C. auran-
tifolia to C. limettioides is improbable. The C. sinensis x C.
medica model did not fit our data well (85 %), but 98 % of the
123 markers provided coherent patterns for a (C. maxima x C.
reticulata) X C. medica model. Scora (1975) and Gulsen and
Roose (2001a) proposed that ‘Meyer’ lemon (C. meyeri) is a
sweet orange/citron hybrid. Our cytoplasmic results agree with
this hypothesis, but the nuclear fit of this model was low
(86 %). Therefore, C. meyeri is probably a (C. maxima x C.
reticulata) x C. medica hybrid (96 % fit with our data) but
whose concrete parents are not yet known. The origin of berga-
mot (C. bergamia) is also controversial. Gallesio (1811) pro-
posed a sour orange X lemon origin, but several molecular
studies disagreed and proposed hybridization between citron
and lime (Chen et al., 1991), between sour orange and a sweet
lime (Herrero et al., 1996; Federici et al., 2000), or between
sour orange and a citron (Nicolosi et al., 2000; Li et al., 2010).
We tested these different hypotheses against our data, and the
best fit was observed for the C. limon x C. aurantium model
(97 %), which is also in agreement with our cytoplasmic data.
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Origin of triploid lime

Previous cytoplasmic studies showed that C. latifolia
(“Tahiti’ lime-like accessions) shared the same cytoplasmic pat-
tern as C. limon and C. aurantium (Bayer et al., 2009;
Froelicher et al., 2011). However, to our knowledge, this is the
first molecular analysis of the nuclear structure which makes it
possible to propose a hypothesis concerning the origin of these
widely grown triploid limes. The five C. latifolia analysed dis-
played very similar patterns, with a contribution from the four
ancestral taxa (C. maxima, C. medica, C. micrantha and C.
reticulata), with all specific C. medica and C. micrantha alleles
in single or double doses, while C. maxima and C. reticulata al-
leles were single dose or absent. Based on this cytoplasmic and
nuclear pattern, we propose that ‘Tahiti’ lime-like accessions
resulted from the fertilization of a haploid lemon ovule by a
diploid gamete of a diploid ‘Mexican’-like lime. Ninety-nine
percent of the 123 markers analysed agreed with this model.
This diploid gamete probably originated from a natural doubled
diploid of ‘Mexican’-like lime, like the ‘Giant Key’ lime se-
lected from seedlings of ‘Key’ lime in 1973 by H.C. Barrett
(US Horticultural Research Laboratory, Orlando). It is also pos-
sible that the C. aurantifolia diploid gamete was an unreduced
gamete from a diploid plant. Based on segregation studies of
morphological traits in ‘Tahiti’ lime seedlings, Reece and
Childs (1962) proposed that this cultivar resulted from lime by
citron or lemon hybridization but did not recognize the triploid
status of ‘Tahiti’ lime. The identity of ‘Persian’, ‘Tahiti’ and
‘Bears’ limes is explained by the diffusion of these cultivars
(Morton, 1987). The ‘Tahiti’-like lime is believed to have been
introduced into the Mediterranean region via Iran (‘Persian’
lime). Portuguese traders probably transported it to Brazil, from
where it was apparently taken to Australia in around 1824.
From Tabhiti, it reached California between 1850 and 1880 and
Florida by 1883. According to Webber (1943), the ‘Bears’ vari-
ety originated around 1895 thanks to J.T. Bears, a nurseryman
in Porterville, California, presumably as a seedling from a tree
grown from seed from a fruit of Tahitian origin.

We also reveal a second group of triploid limes (‘Tanepao’,
‘Coppenrath’, ‘Ambilobe’ and ‘Mohtasseb’ limes and
‘Madagascar’ lemon) of different phylogenetic origin. These
accessions, which display a C. micrantha CT and only a C.
medica and C. micrantha contribution for the nuclear genome
with mostly double doses of C. medica-specific alleles and a
single one for C. micrantha, are most probably the result of a
(C. micrantha x C. medica) x C. medica hybridization with a
diploid gamete of the C. micrantha x C. medica parent. Tested
with the ‘Mexican’ lime as genotype for the C. micrantha x C.
medica parent, 96-3 % of our data fitted the 123 markers.

Asexual variations are important sources of phenotypic
variability in the apomictic lime and lemon groups

All lime and lemon accessions display partial apomixes
(polyembryonic seeds with nucellar embryos). Previous molec-
ular (Gulsen and Roose, 2001b; Curk et al., 2015b) and cytoge-
netic studies (Carvalho et al., 2005) showed that numerous
lemon cultivars originated from a single clonal parent via a se-
ries of mutations. Similar conclusions were proposed by
Snoussi et al. (2012) for several limes and lemons after a survey
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of Tunisian citrus germplasm. Our results led to the same con-
clusions concerning the polymorphism observed within the dif-
ferent sub-clusters we identified (Supplementary Data Table
S7). Indeed the accessions were highly heterozygous and dis-
played very limited diversity within sub-clusters, generally in
the form of homozygous/heterozygous polymorphisms with a
common allele. Such patterns probably do not originate from
sexual hybridization of the highly heterozygous prototypes of
the sub-groups. Their origin in parallel reticulation events was
completely excluded in the sub-group of tri-specific origin.
Given the diversity and heterozygosity within these taxa, it also
appears unlikely in the sub-group resulting from direct hybridi-
zation between two ancestral taxa. Sporadic mutations and the
mobility of transposable elements have been proposed as the
source of diversity within citrus groups propagated vegetatively
by apomictic seeds or by grafting (Bret6 et al., 2001; Barkley
et al., 2006; Ollitrault et al., 2012; Garcia-Lor et al., 2013b). In
our study, the loss of the non-citron allele for five consecutive
markers at the end of chromosome 9, and of two alleles on
chromosome 5 and two on chromosome 8, while the rest of its
tri-specific genomic structure was conserved, suggests that ma-
jor chromosome deletion events are at the origin of the
‘Luminciana’ lemon. Mutation or epigenetic variations were
previously reported to be a major cause of diversification in
several apomictic species (Horandl and Paun, 2007; Nybom,
2007). The contribution of somatic mutations to the evolution
of other vegetatively propagated crops, such as grapes
(Crespan, 2004), olives (Cipriani et al., 2002), yams (Scarcelli,
2005) and cassava (Sardos et al., 2008), has also been demon-
strated. In addition to sexual recombination, human selection of
new phenotypes and further clonal propagation are also key fac-
tors in the generation of intervarietal phenotypic polymorphism
within horticultural groups (Barrett and Rhodes, 1976;
Ollitrault et al., 2003).

Conclusions

The lime and lemon horticultural group is genetically highly
polymorphic, with diploid, triploid and tetraploid varieties, ma-
ternal phylogeny involving four types of cytoplasm out of the
six encountered in the Citrus genus, and the nuclear genome
contribution of the four basic Citrus taxa (C. medica, C. max-
ima, C. micrantha and C. reticulata). All lime and lemon acces-
sions we analysed were highly heterozygous and displayed
interspecific admixture involving two or three, but also the four
ancestral taxa genomes in a few accessions and particularly in
the widely cultivated ‘Tahiti’ triploid limes (C. latifolia types).
Citrus medica was shown to be the common genomic compo-
nent of all limes and lemons but never to act as direct female
parent due to the cleistogamy of citron accessions. Citrus med-
ica was very probably the direct male parent of the main lime
and lemon sub-group in combination with C. micrantha or
close papeda species (C. aurata, C. excelsa, C. macrophylla
and C. aurantifolia varieties of Tanaka’s taxa), C. reticulata (C.
limonia, C. karna and C. jambhiri varieties of Tanaka’s taxa),
C. aurantium (C. limetta and C. limon varieties of Tanaka’s
taxa) or C. maxima x C. reticulata hybrid (C. limettioides, C.
meyeri). Other combinations involving C. medica hybrids were
also identified. Two origins were revealed for triploid limes.
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Citrus latifolia accessions (‘Tahiti’, ‘Bears’, ‘Persian’, °‘El
Kseur’ and ‘TAC 5’) probably result from the fertilization of a
haploid gamete of C. limon (yellow lemon type) by a diploid
gamete of C. aurantifolia (‘Mexican’ lime type; 2n gamete of a
diploid parent or a diploid gamete produced by a doubled dip-
loid) while the C. aurantifolia triploid accessions (‘Tanepao’,
‘Coppenrath’, ‘Madagascar’, ‘Ambilobe’ and ‘Mohtasseb’)
probably result from an interspecific backcross (a diploid ovule
of C. aurantifolia —Mexican’ lime type — pollinated by C. med-
ica). The lime and lemon horticultural group therefore results
from many independent reticulation events (29 identified in this
work) which explains why neither of the botanical classifica-
tions [Swingle and Reece’s (1967) with two species or
Tanaka’s (1954) with 37 taxa] nor the usual denomination
(limes and lemons) correctly reflects the genetic organization.
Given the very high interspecific heterozygosity of all the ac-
cessions we analysed, we attribute the low intra-sub-group
polymorphism to sporadic mutations, transposable elements,
epigenetic variations or the deletion of genomic fragments, as
clearly revealed at the end of chromosome 9 by our results on
the ‘Luminciana’ lemon. Further investigation into interspecific
admixture and the inferred phylogenetic origins of the main
subgroup of limes and lemons will be essential for a better utili-
zation of citrus biodiversity to create new rootstock and acid
citrus cultivars.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxfordjour
nals.org and consist of the following. Figure S1: distribution of
the markers over the nine scaffolds. Figure S2: Neighbor—
Joining analysis of mitochondrial and chloroplastic markers re-
vealed five mytotypes and six chlorotypes. Figure S3: results of
Neighbor—Joining analysis of the 90 MLGs with 123 molecular
markers. Table S1: list of accessions with Swingle and Tanaka
classification names, ploidy level, mytotype, chlorotype, cyto-
plasmic type and nuclear cluster information. Table S2: detailed
marker information. Table S3: amplicon fragment size patterns
of the eight cytoplasmic markers for the six identified cytoplas-
mic types. Table S4: estimation of the best number of sub-pop-
ulations in structure analysis. Table S5: means and confidence
interval of the four basic taxa (from ten permuted and aligned
independent STRUCTURE run cluster outputs). Table S6: con-
gruency of molecular data (123 SNP, indel and SSR markers)
with several hypotheses of lime and lemon origins. Table S7:
genotype data for all markers and all accessions.
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